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is shallow, is

- 48,
f—Ke<1+F) (10)

where f = dF/dt = infiltration capacity (m/s), K, = effective saturated conductivity
(m/s), ¥ = average capillary potential (m), 6, = soil moisture deficit (m/m), and
F = cumulative infiltrated depth (m). The soil moisture deficit can be computed
as

0,=( — 0)m. (11)

where 8, = initial volumetric water content (m/m) and m, = effective porosity
(m/m). Equation (10) is a differential equation which is solved as

’@] 12)
¥o,
where ¢ = time (s). Equation (12) can be solved for infiltrated depth for succes-
sive increments of time using a Newton-Raphson iteration and the solution used
in Eq. (10) to obtain the instantaneous infiltration rate.

For the general case of time varying rainfall, Chu (1978) modified the Green-
Ampt as modified by Mein and Larsen (1973) to account for multiple times to
ponding assuming that, within any discrete time interval, the rainfall rate is
constant. Chu computed an indicator, C, (m), when ponding occurs within a
given interval of rainfall intensity given that there was no ponding at the be-
ginning of the interval as

Kc"l’ed
=R -V — | —+—_ 13
C.=R -V, (r v Kc) (13)

K.t = F(f) — 06, ln[l +

where R is the cumulative rainfall depth (m), V is the cumulative rainfall excess
depth (m), r is the rainfall rate (m/s), and i refers to the time step. The cumulative
rainfall excess depth is computed as

If C, is positive, ponding occurs before the end of the interval; if it is negative,
no ponding occurs. The time to ponding, ¢, (s), is computed as

t = (ﬂ —R_, + V,-_,) 1 tiy @15)

P
rio,— K. i-1

When there is ponding within a rainfall interval, the cumulative infiltration depth
is computed using

F,
= F. — —* 1
Kt = F, — 8, m(1 + ¢e,,) (16)
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in a Newton-Raphson iteration by computing the function g as

. F’
g=Ku — F. + 0, ln(l + —) a7
b6,
and its derivative with respect to F
Fi
=— 18
% = F i vo, (18)

where i refers to the time step and j refers to the iteration step. The iteration is
stopped if the ratio

g

= <e 19
where epsilon is an acceptable error. If the ratio is greater than epsilon, then the
new value of F is

Fr=Fl+ & (20)
dg
The time, ¢, in Eq. (17) is corrected to account for the difference between
instantaneous time to ponding and the actual time to ponding and is computed
as

RI_ p-1 1 p — V-1 /P,
=t 4 2= Yo ‘I'O‘"K(“R" Yo-l¥99) _ @)

where R, = amount of cumulative rainfall (m) at the time to ponding and
Vip-1 = cumulative rainfall excess at the previous time step.

Similarly, Chu (1978) developed an indicator for the end of ponding C, dur-
ing an interval, assuming the surface was ponded at the beginning of the interval
as

C,=R - F, -V, (22)

If C, is positive, ponding continues; if it is negative ponding ceases within the
interval. When there is no ponding within an interval, the cumulative infiltration
is computed as

F,=R —-V_, (23)

GAML Model Parameter Estimation. The most extensive analysis of GAML
parameters has been done by Rawls et. al. (1982), who analyzed over 1000
soils. The average values derived from their analysis are given in Table 6. It
should be noted that the effective saturated conductivity values reported in Table
6 were derived from soil core samples and may be higher than those observed
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Table 6 Suggested Values for K, (mm/hr), ¢ (mm), and 7, (mm/mm)

K, v 7
Texture (mm/hr) (mm) (mm/mm)
Sand 90.0 49 40
Loamy sand 30.0 63 40
Sandy loam 11.0 90 41
Loam 6.5 110 43
Silt loam 34 173 49
Silt 25 190 42
Silty clay loam 15 214 35
Clay loam 1.0 210 31
Silty clay loam 0.9 253 43
Sandy clay 0.6 260 32
Silty clay 0.5 288 42
Clay 0.4 310 .39

Source: Rawls et al., 1982.

in the field. To date, there are no well-developed methods to adjust these values
for the influences of crusting, macropore development, or other physical or bio-
logical factors which may increase or decrease the conductivity of the soil.

2. Rainfall Excess

Rainfall excess is the portion of the rainfall which ponds on the surface during
the period when the rainfall rate exceeds the infiltration rate. It is partitioned
into depression storage and runoff which flows off the surface. The rainfall
excess rate, v(f) (L/T), can be conceptualized as

v(e) = r(t) — f(® for h(r) > 0 (24)
v(t) = r(t) — min[r(®), f(1)] forh() = 0

where h(f) = flow depth (L) and min = minimum. The top equation computes
the rainfall excess rate when there is flow on the surface. The rainfall excess
rate can be either positive or negative depending on whether the rainfall rate
exceeds the infiltration capacity of the soil. Negative values of excess are during
the recession of the hydrograph. The bottom equation computes the rainfall
excess rate when there is no flow on the surface. If the value of rainfall excess
is positive, then runoff begins. The conceptualization of rainfall excess in Eq.
(24) is used when an infiltration equation is coupled with a routing method such
as the kinematic wave model (see Woolhiser et al., 1991). Frequently, it is more



220 Stone et al.

convenient to define rainfall excess as

) =r() — f(  for r(t) > f() (25)
) =0 for r(t) = f(©)

The advantage of Eq. (25) is that the integral of v(f) over the duration of the
event is the total storm runoff and can be computed by an infiltration equation
without having to rely on a rainfall excess routing procedure. The disadvantage
is that the rainfall excess lost by infiltration during the recession of the hydro-
graph is not accounted for so that Eq. (25) will always overestimate the runoff
volume.

3. Depression Storage

Depression storage is the portion of rainfall excess which is held in storage
caused by microvariations in topography and which eventually infiltrates into
the soil or evaporates. Depending on the degree of microrelief occurring on a
surface, depression storage can greatly impact runoff amounts and rates. Gayle
and Skaggs (1978) report values ranging from 0.6 to 7.5 mm of average storage
depth measured on three agricultural soils with different tillage practices im-
posed. Onstad (1984) developed an equation which relates maximum depression
storage, S, (cm), to slope and random roughness from an analysis of over 1000
plots. The relationship is

S, = 0.112r, + 0.031r2 — 0.012r, § (26)

where r, is the random roughness (cm) and § is the slope of the flow surface
(%). Onstad (1984) and others (Mitchell and Jones, 1976; Moore and Larsen,
1979) have suggested that runoff begins before depression storage is completely
satisfied. Onstad developed an equation to compute the amount of rainfall ex-
cess, PR (cm), needed to satisfy depression storage while runoff is occurring.
This equation is

PR = 0.329r, + 0.073r> — 0.018r, § @7

The amount of runoff which occurs during the period when depression storage
is satisfied is found by subtracting Eq. (26) from Eq. (27).

Depression Storage Estimation. The rate at which depression storage is filled,
even on the small plot scale, is difficult to measure directly. In addition, direct
estimates of depression storage for different surface conditions are difficult be-
cause of the difficulty in quantifying the storage characteristics of different sur-
faces. Random roughness is an casier measurement and typical values as the
result of various tillage implements were compiled by Zobeck and Onstad (1987)
and are listed in Table 7.
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Table 7 Field Operations and Random Roughness Values

Random roughness

Field operation (mm)
Harrow, spike 8
Drill, conventional and no-till 10

Planter, no-till and broadcast
Rodweeder, plain

Drill, semideep furrow 11
Rodweeder, shovel

Sweeps

Blades 13

Drill, deep furrow

Fertilizer application

Cultivator, field (sweeps) and row 15
Mulch treader

Planter, row

Cultivator, field (shovels) 18-19
Disk, tandem

Chisel 23-28
Disk, 1-way (18-22 in. disks)

Lister

Disk, 1-way (22—26 in. disks) 31-33
Moldboard, 5-7 in. deep

Disk, large offset 48-51

Moldboard, 8 in. deep

Source: Zobeck and Onstad, 1987.

4. Runoff Routing

Dynamic infiltration-hydrograph models for overland flow consist of an infiltra-
tion function which computes the infiltration rate as it varies with time from an
unsteady rainfall input and a routing function which transforms rainfall excess
into flow depths on a flow surface. The choice of the infiltration function is
somewhat arbitrary, but the routing function is generally some form of the St.
Vennant shallow water equations. One such form, the kinematic wave model,
has been shown (Woolhiser and Liggett, 1967) to be a valid approximation for
most overland flow cases.

Kinematic Wave Model. The kinematic wave model is used to compute the
flow depth and discharge rate at a specified distance down a flow surface during
three time periods. The first time period is when the rise of the hydrograph
occurs. During this period, water is being stored on the flow surface as a function
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of the rainfall excess rate and the flow surface characteristics of roughness,
length, and slope. The end of this period is when a wave, termed the kinematic
wave, originating at the top of the surface at the start of runoff, reaches the end
of the surface. This time, termed the time to equilibrium, is equivalent to some
definitions of the time of concentration. The second period is from the time to
equilibrium to the time when the rainfall rate becomes less than the infiltration
rate. For constant rainfall and infiltration, the hydrograph will be at steady state
and the discharge rate will be equal to the rainfall excess rate. For variable
input, the discharge rate will vary depending on the variation of the rainfall
excess rate and the surface characteristics. The last period is when the recession
of the hydrograph occurs. During this period, water held in storage drains off
the surface. For the case of an infiltrating surface, the drying front where the
flow depth goes to zero travels from the top to the bottom of the flow surface.
The kinematic equations for flow on a plane are the continuity equation

oh adq

— 4 1= 2

o T 8)
and a depth-discharge relationship

q=ah’ (29)

where /& = depth of flow (m), g = discharge per unit width of the plane (m*/m-
s), a = depth-discharge coefficient, b = depth-discharge exponent, and x = dis-
tance from top of plane (m). When the Chezy relationship is used, a = CS"?
where C = Chezy coefficient (m'?/s) and b = 3/2. When the Manning relation-
ship is used, @ = S'"?/m where n = Manning coefficient (sfm'?) and b = 5/3. If
the initial and boundary conditions are

h(x,0) = h(0,t) = 0 (30)

which means that there is zero inflow at the top of the flow surface being
considered and zero runoff at the beginning of the computations, then Egs. (28)
and (29) can be solved by the method of characteristics. The method involves
rewriting Eqs. (28) and (29) as simple ordinary differential equations in terms
of the flow depth at a distance on the plane. These equations are termed the
characteristic equations. The equations for depth and distance along a charac-
teristic c(t,x) at a given time are (see Eagleson, 1970, for a derivation of the
characteristic equations)

dh
= =0 (1)

and

c(tx) = % = abh(®)’' (32)
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The characteristic, Eq. (32), defines a locus of points in the time—space plane
on which the flow depth is computed by Eq. (31). The characteristic equations
are integrated to get

h=h + f v(w) dw 33)

x=x +ab f hw)*™! dw (34)

where x, = distance down the plane where the depth is equal to &, (m), h, =
depth at time ¢, (m), ¢, and ¢, = limits of integration (s), and w = dummy variable
of integration.

The general solution procedure is to solve Eq. (33) for the flow depth at a
time and then solve Eq. (34) for the distance from the top of the plane that the
depth occurs. Because it is generally the hydrograph at the end of the plane
which is of interest, the distance solved for in Eq. (34) is the length of the plane.
The discharge rate is computed by solving Eq. (29) given the depth found by
Eq. (33).

Although the methaod of characteristic solution is relatively easy to implement
as a computer algorithm, it is difficult to illustrate for the general case of un-
steady rainfall excess. Therefore, it is useful to consider the more restrictive
example of constant rainfall excess which allows for an analytical solution of
Egs. (31) and (32).

The analytic solution can be shown to consist of four distinct zones in the
characteristic space of the ¢-x plane (Fig. 5). The x-axis represents the initial
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Fig. 5 Four zones in the t-x plane.
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Fig. 6 Characteristics and hydrographs for (a) zone A, (b) zone B, (c) zone C, and (d)

zone D.

condition of zero flow at time zero, while the t-axis represents the boundary
condition of zero inflow at the top of the flow surface. Because the flow depth
is zero on these two axes, they are used as starting points for the solution of
Egs. (31) and (32). The general procedure is to integrate all the characteristics
which originate on the x-axis at ¢ = 0 until the characteristic fromx =0 and ¢ =
0 reaches the end of the flow surface. Then all the characteristics which originate
at x = 0 for all times ¢ > 0 are integrated until the end of the event.

1.

fdh:vfdt
0 0

h=w

Zone A—Rise of the Hydrograph (Fig. 6a):

(35)
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Fig. 6 Continued.

‘. dc=a®' | £ dt
0 0 (36)

x=a !¢

Equations (35) and (36) are solved at time zero by selecting successive times
to compute the increase in depth on the flow surface until the computed value
of x is greater than or equal to the length of the flow surface. When x = L,
the flow surface is at equilibrium and the discharge rate is equal to the rainfall
excess rate. This time, termed the time to kinematic equilibrium, ¢, (s), is

computed as
b

L
t=|—5 37
Q&\v 1 A v
The characteristic which starts at the origin of the ¢-x plane and reaches x = L
at ¢, is termed the limiting characteristic and separates the zone A and B

solutions.
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2. Zone B—Equilibrium Hydrograph (Fig. 6b):

f dh = vf dt
% t (38)

h=v(i—t)
j dx = ! f t — ) " dt
) o (39)
x=a7't — 1)

After the time to equilibrium, the solution is computed using Egs. (38) and (39).
The time £, is the time when the characteristic which is being integrated begins
at the top of the flow surface at some time on the t-axis. Equation (39) is
computing the time it takes a characteristic to travel from the top of the flow
surface to the end. For constant rainfall excess, this time is equal to ¢, and
because the flow is at steady state within this zone, the discharge rate is simply

q=vL (40)
3. Zone C—Recession (Fig. 6¢):

Dy 1 Dy t
f dh+fdt=vf dt+vfdt
o D. l() Dy (41)

h=vD, - t) =h,

Dy ¢ Dy
f dx + f dx = a bv*™! f D, - t(,)"—l dt
A Dy 1o

+ ob B f dt (42)
Dy

x=x +abh'(t - D,)

where x, is the distance the characteristic has traveled at time D,. It is computed
as zone C solutions occur after rainfall excess ceases. The characteristic is
integrated

x = (D, — 1) 43)

in two steps: the first is during the period between the time the characteristic
originates on the t-axis, £, and the end of rainfall excess, D,; the second is
during the period between D, and the time the characteristic reaches the end of
the plane during which time the rainfall excess is zero. As can be seen by Eqs.
(41) and (42), the characteristics within this zone are straight lines and as the
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depth approaches zero, the time the characteristic takes to reach the end of the
flow surface approaches infinity.

4. Zone D—Partial Equilibrium (Fig. 6d):

Dy 4 Dy t
fdh+fdt=vf dt+vjdt
0 De 0 Dy (44)

h=vD,=h,

Dy t Dy
f dx+f dx=abv”_’f (t— )"t
0 Dy 0

+ ab i J dt (45)
Dy

x=a ' D!+ ab Bt — D)

Zone D solutions occur when the duration of rainfall excess is less than ¢, and
the discharge rate is always less than the rainfall excess rate. The solution is
similar to that of zone C, except that the flow depth and discharge rate are
constant from the time the rainfall excess ends to the time the characteristic
from ¢ = 0 and x = O reaches the end of the surface.

The kinematic wave parameter to be estimated is the roughness coefficient
in the depth-discharge coefficient. Engman (1989) used data from large plot
rainfall simulator experiments and computed the Manning’s n values shown in
Table 8.

ill. SOME APPROXIMATIONS FOR RUNOFF ESTIMATION

For some cases, simple approximations of more complex representations of the
rainfall runoff process are sufficient. As with the choice of a total storm runoff
or a rainfall excess-based approach, using an approximation will depend on the
objective of the study and initial conditions of the area to be studied.

A. Infiliration

Li et al. (1976) used the nondimensional terms

_ K
- (46)
) =2 @7

o,
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Table 8 Manning’s n (s/m'®) Values for Rainfall Simulator Plots

Residue Manning’s n

Cover/treatment (T/ac) (s'm'"?)
Bare/fallow <14 0.045
Grass/sod 0.530
Chisel <1.4 0.075
14-1 0.180
1-3 0.340
>3 0.450
Range/natural 0.130
Disk/harrow <14 0.078
1.4-1 0.170
1-3 0.270
>3 0.310
Notill <1.4 0.053
1.4-1 0.083
1-3 0.350
Plow (fall) <14 0.055
Coulter <14 0.110

Source: Engman, 1989.

to write the Green and Ampt equation as
t, = F(t) — In(1 + F () (48)

By using the first term of a power series expansion of the natural log term in
Eq. (48), they derived the following quadratic approximation of infiltrated depth,
F,,, for the case of initial ponded conditions as

Fult) =5 (:. Vit st,) 9)

If the infiltration rate is nondimensionalized as

fey =12 (50)
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then Li et al.’s infiltration rate, f, , is computed as

1
Fo.(t)

flt) =1+ &2

B. Peak Discharge

As mentioned in the introduction for the kinematic wave equation, the basic
problem in computing the runoff hydrograph is determining the dynamics of
how water is stored on the flow surface. Given a constant rainfall excess rate,
eventually the flow rate off the surface will equal the rainfall excess rate. We
can use this to approximate the peak discharge from small areas by studying
the relationship among the time and rate variables of rainfall excess and routed
runoff. For the case of constant rainfall excess, the flow depth and discharge
rate increase during the period ¢ < ¢, and are constant for ¢ = ¢,. If the duration
of the rainfall excess is less than ¢,, then the maximum flow depth, 4, (m), is

h, = v, D, (52)

Substituting Eq. (52) into Eq. (29), using the definition of ¢, and simplifying,
the peak discharge, g, (m/s), is

b
q = V. (&) for D, < ¢, (53)

When the duration of rainfall excess is greater than the time to kinematic
equilibrium (i.e., equilibrium), then the peak flow rate is simply

g =v. forD, >t (54)

Equations (53) and (54) can be generalized by defining the following quan-
tities and rewriting as

q ‘
.=
A (55)
L.
t=—
" D,
q.=t," fort, =1 (56)
g.=1 fore <1 67

Equations (56) and (57) are illustrated in Fig. 7.

For variable rainfall excess, the definition of ¢, [Eq. (37)] is not exactly true.
In addition, for times greater than when the characteristic from time and distance
zero reaches the end of the flow surface, the discharge rate approaches but never
exactly equals the rainfall excess rate. Using Egs. (55) and (56) as a starting
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1.2

1.0 +- —— Eq.56
] -~-- Eq.57

0.8 1

qc= 0.6 A

0.0 T T T T ¥ ] L ) . 1

Fig. 7 Peak discharge relationship for constant rainfall excess.

point, we redefine the nondimensional quantities in Eq. (54)

q L
=== (== 58
q' va . Dv ( )
and define a nondimensional rainfall excess rate as
v
== 59
o=y (59)
The average rainfall excess rate, v, (m/s), is computed as
Vv
. = — 60
% =D, (60)

L 176
t,=\—5 61
= (o) D
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A plot of the results of a number of simulations of the kinematic wave model
for a range of values of g, ¢,, and v, suggested the following relationships

q.= " fore, > 1 (62)
1

a.=7 forl1>¢ >t (63)
1 1—v,

q.=———'—n——vt, fort,,>¢, >0 (64)

v, m+1 v,

The intersection of Eqgs. (63) and (64), ¢.., is found by combining the equations,
substituting ¢,, for ¢,, and solving for ¢,, using the quadratic formula as
. 1 - 24, - V)"

- 121 —v)
The relationships of Egs. (62), (63), and (64) are plotted in Fig. 8. The average

error using the range of conditions for the simulation was 1%, 10%, and 5%
for Egs. (62), (63), and (64) respectively, or a total combined error of 6.6%

(65)

C. Recession infiltration

For the case of partial equilibrium described in Section II.B.1, the runoff volume
can be significantly less than the rainfall excess volume. Stone et al. (1993)

0
[ NP
8 J -—--- Eq.62
' ............... Eq.sa
’ — Eq.64
9,  °1|
q,= 4 i
Va 4
-\“",\',3
2-1;5._7 1.0
0 T T I------l
0.0 0.5 1.0 15 20
t
t,= —
D

Fig. 8 Approximate peak discharge relationship for variable rainfall excess.
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developed a simple relationship to compute the amount of reduction of rainfall
excess which occurs during the recession of the hydrograph. By defining the
following nondimensional quantities

!

0.- )
_ L

f.=)

where Q, = adjusted runoff volume (m), V, = rainfall excess volume (m), and
Jf; = final infiltration rate (m/s) at the last time of nonzero rainfall excess rate,
the reduction is computed as

1 i+, _(r+1)”
Q.= S fri= (—f. ) (67)
and
_ ~ b f; b ﬂ+1 /b
0.=1 b+1(f.+1) N f°”°<( 7. ) ©®

Equations (67) and (68) are illustrated in Fig. 9 for the depth-discharge coeffi-
cient computed using the Chezy coefficient.

1. Tolerable Error in Runoff Volume Estimation

Equation (67) can be used to compute a threshold in terms of ¢, above which
recession infiltration should be considered by rewriting Eq. (67) in the form of
an inequality

L=a-0)t (J%) ©9)

IV. SIMULATION MODELS

The curve number method and the coupled infiltration-kinematic wave equations
described in this chapter form the basis for many of the simulation models used
to estimate field scale erosion. In terms of model application, most fall into two
broad categories: event-based models used to compute runoff and erosion for a
single rainfall event and continuous simulation models used to compute runoff
and erosion for an extended period of time, typically using a daily time step.
The selection of either type of model will depend on input parameter data avail-
ability and the objectives of the application of the model. In general, continuous
simulation models require more input data than the event-based models because
they require parameter values for model components which compute initial con-
ditions or update other parameter values. For example, the event model
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Flg. 9 Approximate recession infiltration relationship.

KINEROS requires four parameters to compute infiltration including initial soil
moisture. In contrast, the continuous version of WEPP requires not only the
same analogous parameters for infiltration, but also requires additional param-
eters for the computations of the water balance, crop growth, residue decom-
position, and the effects of tillage on infiltration. Event-based models are best
suited for design purposes in which the input rainfall and initial conditions can
be specified for a specific return period or acceptable failure rate of a structure
such as a culvert or terrace. Continuous simulation models can also be used for
design purposes but are better suited for evaluating the long term effects of
management systems on runoff and erosion.

Although the curve number method has been used for event models, the
coupled infiltration-kinematic wave model approach has gained increasing pop-
ularity in recent years partly because the approach is based on the fundamentals
of conservation of mass and momentum, and partly because of the increase of
computer speed. The model KINEROS (Woolhiser et al., 1991) is an example



234 Stone et al.

of this coupled approach. Infiltration is computed using the Smith-Parlange in-
filtration equation which is quite similar to the Green-Ampt model described in
Section IL.B.1. The computed rainfall excess is routed interactively using a four-
point implicit numerical scheme so that infiltration is computed during the re-
cession of the hydrograph. The input variable is a time depth distribution of
rainfall and the input parameters include physical characteristics of the flow
plane, a roughness coefficient (either Chezy or Manning), Smith-Parlange infil-
tration parameters, and erosion parameters. Because the model uses a numerical
routing procedure, it can be applied to cases where the infiltration characteristics
change in the downslope direction as would be the case with strip cropping or
changes in soil texture.

Both the curve number method and the coupled infiltration-kinematic wave
approach have been used in runoff-erosion continuous simulation models. One
of the first of these type of models, CREAMS (Chemicals, Runoff, and Erosion
from Agricultural Management Systems, Knisel, 1980), has both options al-
though the curve number option has been more widely used in applications. The
implementation of the curve number method in CREAMS refined the selection
of a condition I, II, or III curve number from one based on an antecedent
moisture class to one which is updated based on a depth weighted average of
the soil moisture within the root zone. The soil moisture is computed using the
water balance equation on a daily time step. Similar implementations of the
curve number and water balance equation have been used by several other runoff
erosion models including EPIC (Williams et al., 1983), SWRRB (Williams et
al., 1985), and SPUR (Wight et al., 1987). The CREAMS approach for com-
puting evapotranspiration component of the water balance includes input of tem-
perature and solar radiation, depth of bare soil evaporation, and a distribution
of leaf area index for the growing season. The EPIC and field scale SPUR
models compute daily crop growth which is then translated into incremental
changes in leaf area index. Downward movement of soil water in all the above
models is computed using a simple layered storage model in which water moves
to the next layer when the storage capacity is exceeded in the current year. The
infiltration-kinematic wave option of CREAMS is similar in concept to that of
the WEPP model described in this chapter with the major difference in the
method the kinematic wave peak discharge is approximated. However, the ap-
proach, as with the WEPP model, requires a time-intensity distribution of rain-
fall. Observed rainfall data of this type is typically not available for most ap-
plications and at the time the CREAMS model was developed, there was no
large data base of rainfall statistics to use in a rainfall simulation model. The
WEPP model, the hydrology computations of which were described in this chap-
ter, was developed to use a more process-based approach than the then existing
runoff erosion models. With respect to the hydrologic calculations, two features
distinguish it from the CREAMS approach. First, a data base comprised of
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climate statistics for over 1000 locations in the United States was developed to
be used in the climate generator, CLIGEN (Nicks and Lane, 1989). The
CLIGEN model uses a rainfall disaggregation model based on a double expo-
nential distribution to compute a rainfall intensity distribution from four rainfall
characteristics; depth, duration, time to peak intensity, and peak intensity. Sec-
ond, the values of infiltration and runoff parameters are adjusted on a daily basis
to account for the effects of management and climate. For example, a soil-model
computes the changes in soil bulk density and random roughness immediately
following a tillage operation and adjusts the infiltration parameters and the
Chezy coefficient to reflect these changes. As time increases and the soil be-
comes consolidated, the soil submodel computes the increase in bulk density
and decrease in random roughness which is then used to update the infiltration
and runoff parameters.

At present, there are no objective criteria for the selection of a particular
simulation model or methodology for a given situation. Key issues in model
selection are the complexity of the model, input variable and parameter uncer-
tainty, and systematic model errors. According to Lane and Nichols (1993)
model complexity is defined as a function of the number of input variables,
input parameters, and number of model runs required to do a noninteractive
sensitivity analysis; variable and parameter uncertainty is defined as a function
of the coefficient of variation of the variables and parameters; and model error
is defined as a function of the number of basic physical laws contained within
the model. They found using these definitions that the curve number method
has low complexity and parameter uncertainty and high systematic model error
while the Green-Ampt approach has high complexity and uncertainty but low
systematic error. Their approach is a step in providing objective criteria to merge
model selection with complexity, uncertainty, and error.

V. SUMMARY AND DISCUSSION

We have shown that runoff is a primary driving variable in the water induced
erosion process. Although the impact of rain drops detaches soil particles, it is
primarily flowing water that transports detached particles to areas of concen-
trated flow, and depending on the sediment load and the transport capacity of
the flow, detaches or re-entrains previously detached particles or deposits par-
ticles being transported. The relative importance of runoff in erosion and sedi-
mentation processes increases with increasing scale. This is why many of the
conservation practices employed to reduce erosion at the field scale are in fact
practices to reduce the volumes and rate of runoff. Accurate estimation of the
effects of an agricultural management system or individual practice on the vol-
ume and rate of runoff are essential in the evaluation and planning associated
with soil and water conservation.
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Methodologies to estimate runoff derived at point scales and watershed scales
have been applied to field scale runoff processes. Two approaches for modeling
runoff, the U.S. Soil Conservation Service Curve Number method and the in-
filtration-kinematic wave method, are described in this chapter. Examples of the
first approach describe the SCS method for computing direct storm runoff and
the SCS graphical method for computing peak discharge. Examples of the sec-
ond approach describe the Green-Ampt Mein-Larsen model for computing rates
and volumes of infiltration and rainfall excess, a method for computing depres-
sion storage, and the use of the kinematic wave model for computing the runoff
hydrograph and peak discharge. Approximate methods commonly used in the
second approach include the Li approximation for computing total infiltration
amount and rainfall excess volume, an approximate method for computing peak
discharge, and a method for estimating recession infiltration.

The type of approach taken will depend on the data available and the objec-
tives of the analysis. For example, a study to screen management systems to
replace a current system may only need an estimate of annual average runoff
differences among the systems while a study to design the capacity of a grassed
waterway may need detailed information of the flow profile down the channel
length.

Factors influencing runoff include rainfall characteristics, soil properties, an-
tecedent moisture, as well as land use and management practices. Of critical
importance for future research on improved runoff estimation methodologies are
the interactions and feedback mechanisms between these factors, and how they
vary with time, space, and process intensity scales. Knowledge of these factors
and their scale properties are necessary to extend knowledge of point processes
to processes operating at the field scale.
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